Introduction
HIV infection results in progressive CD4 þ T-cell depletion in immune compartments and also causes significant disorder in nonimmune organs. Advanced HIV disease can induce renal pathology and impairment of renal function called HIV-associated nephropathy (HIVAN) [1] . Clinically, HIVAN is characterized as an aggressive glomerulopathy that afflicts those with genetic risk factors, occurring more frequently in patients of West African descent [2, 3] . Prior to the advent of highly active antiretroviral therapy, HIVAN was a leading cause of endstage renal disease among African Americans in the early 1990s. Histologically, it is diagnosed as a collapsing focal segmental glomerulosclerosis (FSGS) with tubulointerstial injury and inflammation [3] . Infection of renal epithelial cells is thought to play a critical factor in promoting HIVAN in HIV-infected individuals [4, 5] . In-vitro studies support that HIV can infect renal epithelial cells via unconventional CD4 þ -independent mechanisms and induce changes in multiple host-cellular pathways, especially in renal tubular cells [4, 6, 7] .
A role for HIV gene expression in the pathogenesis of HIVAN is supported by an HIV-transgenic mouse (Tg26) model [8] in which HIV transgene expression within kidney induces pathological changes that resemble HIVAN. In-vitro infection of renal epithelial cells with HIV results in upregulation of cellular pathways involved in cell-cycle arrest and apoptosis [5, 9] . Expression of single HIV accessory proteins such as nef and vpr are sufficient to cause cell dedifferentiation and proliferation in podocytes and cell hypertrophy in tubular epithelial cells [9, 10] .
The host response to HIV infection plays a crucial role in the development of HIVAN. The pathological changes of HIVAN feature collapsed FSGS, tubular dilation, interstitial inflammation and fibrosis [11] . To understand the mechanism of cellular response to HIV infection, most efforts have focused on immune cells such as monocytes or T cells [12, 13] . Comparatively, the cellular response to HIV infection in epithelial cells is less well understood as in-vitro infection of renal epithelial cells by HIV is inefficient [14, 15] . To study the effects of HIV in renal cells, prior studies have infected epithelial cells with replication incompetent HIV deleted in Gag and Pol genes [pNL4-3 DG/P-enhanced green fluorescent protein] and pseudotyped with the vesicular stomatitis virus (VSV) glycoprotein. Transduction with pseudotyped HIV-induced upregulation of inflammatory genes in renal epithelial cells, which could be related to the prominent tubulointerstitial inflammation in the transgenic mouse model for HIVAN [16] . Infiltration of leukocytes into the tubulointerstitial compartment is a hallmark of many renal inflammatory diseases and is an important mediator of tubular injury leading to progressive renal failure in HIVAN [17, 18] . Rather than being a passive target, resident proximal tubular epithelial cells are thought to play an active role in the inflammatory process through the elaboration of cytokines/chemokines that communicate with interstitial immune cells [19] . Activation of chemokines may explain immune cell entry into the kidney during HIV infection that underlies the high prevalence of interstitial nephritis found in kidney biopsies of HIV patients [20] even in the absence of HIVAN. The recruitment of HIV-infected cells to the kidney may also play a role in reduced survival of kidney allografts after transplantation despite undetectable viremia [21] .
Our previous studies on the interaction between HIVinfected T cells and renal epithelial cells revealed efficient cell-cell contact-mediated virus uptake, as well as viral gene expression in renal epithelial cells [6] . In this study, we investigate the cellular response of primary renal epithelial cells upon exposure to either cell free or primary T cells infected with HIV-1 without the use of viral pseudotypes or transgene expression to enhance the delivery of HIV to cells. We find that as compared with cell-free virus, cell-associated virus infection of renal epithelial cells evoked larger number of genes with greater magnitude of changes, particularly genes related to immune/inflammatory response and chemotaxis. The transcriptional response was surprisingly robust even without the requirement for pseudotyped virus to enhance viral transduction. Trans-well cell migration of T cells, especially central memory T cells, in response to the supernatants collected from HIV-infected renal epithelial cells demonstrate that nonpseudotyped, virus-exposed primary epithelial cells can activate immune cell recruitment.
Methods
Cells and tissue culture Primary human renal cortical epithelial cells (HRCEpC), isolated from the cortex of the human kidney and stain positive for cytokeratin, were obtained from a commercial source (PromoCell GmbH, Heidelberg, Germany, no. C-12660) and are of unknown racial background. HRCEpC were cultured in Renal Epithelial Cell Growth Medium 2 (PromoCell GmbH, Heidelberg, Germany, no. C-26030). Human peripheral blood CD4 þ T cells were isolated from buffy coat cells obtained from New York Blood Center, New York, New York, USA, using CD4 þ T-cell isolation kit II from Macs Miltenyi Biotec, Singapore, Singapore (no. 130-091-155) according to manufacturer's instructions. CD4 þ T cells were cultured in RMPI1640 medium and 10% fetal bovine serum and penicillin streptomycin, or stimulated with phytohemaglutanin (PHA, 1 mg/ml) for 48-72 h and maintained with IL-2 (10 unit/ml).
HIV infection of CD4 R T cells
Infectious virus (NL-GI) was produced by transient transfection of human embryonic kidney cells, 293T [22] . One million CD4 þ cells were spinnoculated with 25 ng of cell-free virus. Virus expression was monitored by green fluorescent protein (GFP) signal using flow cytometry. At 48 h after infection, infected cells were washed and resuspended in culture medium at a density of 2 Â 10 6 /ml and used as donors in all experiments described hereafter.
CD4 R T cell and renal tubule epithelial cell coculture Cell-associated virus infection was performed in a coculture system using HIV-infected CD4 þ T cell as donor and HRCEpC cell as target, as previously described [6] with minor modifications. The target cells were labeled with 2 mmol/l of CellTracker orange, (5-(and-6)-(((4-chloromethyl)benzoyl)amino)tetramethy lrhodamine) (mixed isomers) (CMTMR) fluorescent dye (Molecular Probes, Eugene, Oregon, USA) at 37 8C for 30 min, according to manufacturer's instructions. Dyelabeled target cells were washed with phosphate-buffered saline (PBS), cultured overnight and washed again with PBS before coculture with donor cells. Donor cells were added to target epithelial monolayer at a ratio of 4 : 1 and cocultured for 3 h. The coculture was terminated by removing the donor cells and performing three PBS washes. Adherent cells were detached by trypsin-EDTA treatment at 37 8C for 5 min, washed once before being single-cell sorted by flow cytometry using a biohazardcontained flow sorter. Sorted cells were cultured alone for the indicated time. RNA was extracted from cell pellets, and culture supernatant was collected at each time point postinfection. Noninfected primary CD4 þ T cells were also included as a control group (cell-mock infection). Cell-free virus infection was performed as previously described [6] .
Differential gene expression analysis
RNA sequencing was performed at Duke sequencing facility using 50 bp single-end reads, at multiplexing six samples per lane resulting in total reads per lane at 1.18-1.6 Gb. The RNA-seq data was analyzed using the procedure described below. Briefly, after sequence quality filtering at a cutoff of a minimum quality score Q20 in at least 90% bases, the good quality reads were aligned to several human reference databases including mm9 genome, RefSeq exons, splicing junction sequences as well as contamination sequences of human ribosomes, mitochondria and phix genome using BWA (Burrows-Wheeler Alignment) algorithm [23] . The alignments with greater than two mismatches were discarded. After filtering out the reads that aligned to contaminating sequences, the reads that are uniquely aligned to the exon and splicing-junction sites for each transcript were combined to calculate an expression level for a corresponding transcript and further normalized on the basis of reads per kilobase per million reads to compare transcription levels amongst samples. Gene expression values were transformed to the log 2 base scale. The differentially expressed genes in HIV-infected vs. control cell line at 12, 24 or 72 h were identified by the R package DEG seq, and the common differentially expressed genes from duplicated experiments were subjected to gene ontology enrichment by Fisher's exact test. The genes that changed over time from 12 to 72 h for cell-free or cellassociated HIV infection were identified and compared.
Quantitative real time PCR for cytokine/ chemokine mRNA level Quantitative real time PCR (qRT-PCR) was performed to confirm the RNA sequencing data. Primer sets for human cytokines/chemokines as well as the control housekeeping gene GAPDH are listed in Supplemental Table 3 , http://links.lww.com/QAD/A933. To exclude the contamination of carryover donor cells, we purified target RTECs cells using flow sorting by gating the CMTMR-labeled RTECs population with exclusion of doublets. Flow-sorted RTECs were cultured, and cell pellets were obtained at 1, 2, 3 and 4 days postinfection. Total cellular RNA was extracted using RNeasy Mini Kit, according to the manufacturer's instructions (Qiagen, Hilden, Germany; Cat no. 74104). DNA was removed by digestion with DNAse for 30 min at room temperature. Quantitative RT-PCR was performed using ABI7900 Real-Time PCR machine. Level of human cytokine/ chemokine RNA was normalized to the expression of the housekeeping gene GAPDH.
Protein level of cytokine/chemokine by FlowCytomix
To confirm the expression of cytokines and chemokines at the protein level, we collected the supernatants from cultured RTECs at different time points postinfection. A panel of selected cytokines/chemokines was measured using the FlowCytomix Multiple Analyte Detection System developed by eBioscience, San Diego, California, USA. Each sample of 25 ml culture supernatant was incubated with a mixture of coated beads for each analyte to be measured according to manufacturer's instructions (eBioscience; Cat no. BMS8420FF). A biotin-conjugated second Ab mixture is added and followed by streptavidin-PE allowing the fluorescent signal to be detected by flow cytometry. The protein level of each analyte was determined with multiplexing analysis software provided by eBioscience.
CD4 R T-cell chemotaxis CD4 þ T-cell chemotaxis was performed in transwell membrane inserts with 5 mm pore size (Corning Inc., Corning, New York, USA). Supernatants collected from cultured RTECs at day 3 post-HIV infection (cell-associated infection) were added to the bottom chamber and to serve as the chemoattractant stimuli. Purified human CD4 þ T cells (PHA-activated or nonactivated) were added to the upper chamber, and transwell migration was conducted at 37 8C for the indicated times. Migrated cells were counted by flow cytometry using absolute counting beads. Cell inputs and migrated cell (cell outputs) were also immunophenotyped as indicated using antibodies against cell-surface markers and analyzed with flow cytometry.
Results
Though the pathology HIV-1 infection is primarily associated with the depletion of CD4 þ T cells that are the dominant target of infection, the influence of these infected cells and cell-free virus on nonimmune tissues can also directly influence the state of these tissues. We, therefore, have established a model system to explore the intrinsic response of primary RTECs to cell-free or cell-associated forms of HIV-1.
Differential gene expression in renal tubule epithelial cells after HIV infection
To investigate the cellular response of RTECs to HIV infection, we set up a cell coculture system using HIVinfected human CD4 þ T cells as donor and HRCEpC (Supplemental Fig. 1A , http://links.lww.com/QAD/ A933) [6] . We exposed HRCEpC to primary CD4 þ T cells purified from healthy HIV-negative blood donors that were either infected with HIVor mock infected. We compared this cell coculture system with direct exposure to cell-free HIV or mock supernatants. To isolate the renal cell response to HIV and not the T-cell response, the HIV-exposed HRCEpC were purified to exclude Table 1 , http://links.lww.com/QAD/ A933). We observed more genes changed at 72 h than 12 or 24 hpi in both cell-free and cell-associated infection at higher magnitude. Interestingly, many more genes changed in cell-associated infection than cell-free HIV infection at all time points, which is even more significant at 72 hpi, with 1170 regulated genes in cell-associated infection vs. only 214 genes for cell-free infection. (Supplemental Table 1 , http:// links.lww.com/QAD/A933). We have previously observed that cell -cell contact resulted in a much greater quantity of HIV transfer to RTECs than that achieved by exposure to large amounts of cell-free virus [6] . These data indicate that infection through exposure to HIV-infected T cells provoked stronger cellular responses than exposure to cell-free virus. Gene ontology enrichment analysis of biological process terms was performed to further investigate the regulated genes and significant functions, and data were presented by P value heatmaps ( Fig. 1b, b2 : upregulated gene ontology terms, 34 in total; b1: downregulated gene ontology terms, 39 in total). As expected, a greater number of significant gene ontology function terms were identified in cell-associated infection than cell-free infection for both upregulated and downregulated gene ontology. Strikingly, cell-cycle-related gene ontology terms such as cell cycle, M phase of mitotic cell cycle, cell division and cell-cycle checkpoint are the most downregulated in both groups at 72 hpi ( Fig. 1b, b1 ). These gene expression patterns may relate to previous findings that HIV gene expression such as nef or vpr can cause cellcycle arrest and cell hypertrophy [9] . Interestingly, the genes involved in adaptive immune response, regulation of T-cell activation and cell proliferation were downregulated only in cell-associated infection (Fig. 1b, b1 ). Chemotaxis, inflammatory response, leukocyte migration and immune response are on top of the lists of upregulated gene ontology in both cell-free and cellassociated infection (Fig. 1b, b2 ). The same is true for DNA sensor, innate immune response, chronic inflammatory response and Jak-stat pathways, although with less prominence. Transcription, activation of immune response, response to extracellular stimulus and regulation of cell adhesion are only revealed in cell-associated HIV infection at late time points (24 and 72 hpi, Fig. 1b ).
We further examined the top 100 differentially regulated genes in both cell-free and cell-associated infections (Supplemental Table 2 , http://links.lww.com/QAD/ A933 and demarcated by asterisk in Fig. 1a ). With full-length, nonpseudotyped HIV and using primary renal and immune cells, we found that among the top 100 upregulated genes, the most upregulated are cytokines/chemokines ( Fig. 1c, c1 ). CCL20, CXCL6, IL8 (CXCL8) and CSF2 are the most prominent genes affected in our cell coculture system. Several CXCL group chemokines CXCL1, CXCL2, CXCL3, CXCL5 and CXCL6 (IL-6) were also greatly upregulated and persisted through 72 h.
Renal epithelial cells are thought to play an active role in the inflammatory process especially after engagement with interstitial immune cells [19] . Inflammatory genes with the greatest upregulation in response to cell-free or cell-associated HIV, at all time points (12, 24 and 72 hpi) ( Fig. 1c, c2 ), included SAA1, SAA2, C3 and SAA4. SAA1 and SAA2 were upregulated at 24 h and 72 hpi, whereas SAA4 was only upregulated at late time (72 hpi). Serum amyloid protein A (SAA1, 2, 3 and 4) induction is observed in response to inflammation and tissue injury. The cellular response of renal epithelial cells upon HIV infection is cytokines/chemokines, chemotaxis, leukocyte taxis and inflammatory response.
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Confirmation of altered cytokines/chemokines gene expression
As we found that HIV infection induced marked upregulation of cytokines/chemokines and inflammatory immune response genes in primary renal epithelial cells, we performed qRT-PCR to confirm the changes in expression of candidate cytokines/chemokines ( Fig. 2a ). Expression of IL-6 and IL-8 increased at each time point after cell-associated HIV infection, but only increased significantly at the latest time point (4 dpi) following infection with cell-free virus. We observed a steady increase of CXCL5 and CXCL6 after both cell-free and cell-associated infection. In agreement with our RNA sequencing data, we found that following cell-associated infection, CCL20 and CXCL3 were the most strongly upregulated cytokines, particularly at the late time point of infection 3 dpi. Statistical analysis of free-HIV infection (free-HIV vs. cell-alone) reveals significant changes in nearly all cytokine RNA levels (except CXCL3) at all times postinfection (paired t test, Ã indicates P < 0.05). consistently observed across all time points for IL-6, IL-8, CXCL5, CXCL6 and CXCL3. Exceptions to this were cytokine CXCL1 (at D2, D3, D4 PI), CCL20 (at D1 and D2), CXCL2 and CCL4 (at D2, D3 PI). In nearly all cases, cell-associated viral infection induced stronger cytokine gene expression than cell-free virus infection. It is important to note that we also observed cytokine gene expression in the mock-infected T-cell-exposed control group in which RTEC were exposed to T cells that were not infected with HIV. This may relate to an intrinsic response of renal epithelial cells to infiltrating T cells [19] .
CD4 R T-cell chemotaxis driven by HIVinfection-induced soluble factors Our differential gene expression analysis and qRT-PCR confirmed that most of the genes upregulated by HIV infection are cytokines/chemokines. We next examined whether key inflammatory/chemokine genes that were upregulated at the mRNA level corresponded with enhanced secretion of soluble protein. Protein levels of candidate cytokines/chemokines released into the supernatant from cultured RTECs exposed to cell-free or cell-associated HIV were measured by a flow cytometrybased ELISA Flowcytomix assay, as described in the methods. We found, between 36 and 72 h, a significant amount of IL-6, IL-8 and CCL-2 in the supernatants from HIV-infected cells (cell-free or cell-associated infection), higher than that from mock-infected control group (IL-6 and IL-8: paired t test, P < 0.001; CCL-2: paired t test, P < 0.05) (Fig. 2b) .
We next examined the ability of epithelial cell supernatants to induce chemotaxis of human peripheral blood CD4 þ T cells. Cell supernatants released into the culture media by RTECs exposed to HIV-infected CD4 þ T cells were compared with supernatants from normal RTECs for their ability to induce T-cell migration in a transwell migration assay. Transwell migration of CD4 þ T cells (either quiescent or PHA-activated) in response to chemoattractants released by RTEC was dependent on exposure to HIV and increased over time (paired t test, P < 0.005) ( Fig. 3a and b ). We also observed chemotaxis activity of supernatants collected from cell-free HIVinfected RTECs at 1, 2 and 3 dpi (data not shown).
Chemokine-directed cell migration or chemotaxis requires the interaction with its receptor on target cells and can be blocked by receptor antagonists or inhibitors.
To test if the migration of the T cells was dependent upon G-protein coupled receptors (GPCR), we pretreated target CD4 þ T cells with pertussis toxin, a global inhibitor of chemotaxis mediated by GPCR. We found PT effectively blocks quiescent or PHA-activated CD4 þ T-cells migration with an IC50 at 200 nmol/l (Fig. 3c) . Many of chemokines that we observed were induced by HIV, including CXCL1, CXCL2, CXCL3, CXCL5, CXCL6 and CXCL8 (IL-8) are IL-8 related chemokines that signal through CXCR2. We therefore examined the ability of SB225002 [24] , a selective nonpeptide CXCR2 antagonist that inhibits cytokines binding to CXCR2 to block migration of CD4 þ cells in response to HIV-induced RTEC superanants. We observed potent inhibitory effect of SB225002 on migration of activated CD4 þ T cells, with an IC50 at 60 nmol/l (Fig. 3d ). To examine whether the chemotaxis response preferentially recruited particular T-cell subsets, we examined the surface expression of CXCR1 and CXCR2 on the T cells before and after migration. We found that migrating CXCR1 -/CXCR2 þ CD4 þ T cells were enriched in cells that transmigrated in response to HIV-infected RTECs (increased from 3.67 to 7.11%). Surface expression of CXCR1 was diminished in the transmigrated CD4 þ T cells in response to the HIV-exposed RTEC supernatants, which reflects the lack of recruitment of these cells, or the effect of receptor internalization after it binds to IL-8related chemokines (Fig. 3e) . These findings may indicate that chemotaxis induced by HIV-infected RTECs may preferentially recruit subsets of T cells with distinct chemokine receptor surface expression.
Preferential migration of central memory T cells induced by HIV infection
Recent studies indicate that memory T cells contain distinct populations of central memory (T CM ) and effector memory (T EM ) cells characterized by distinct homing capacity and effector function. Memory T cells efficiently traffic into inflamed tissues where they can exert effector functions if they receive the appropriate antigenic signals [25] . To investigate the possibility of preferential migration of distinct subset of CD4 þ T cells, we collected supernatants from cultured RTECs at Day 3 after infection with cell-associated HIV, added it to the bottom of the transwell chamber as a chemoattractant. Using a panel of Abs (Supplemental Table 4 , http://links.lww.com/QAD/A933) by flow cytometry, we examined the cell-surface phenotype of central memory and effector memory T cells that migrated toward the chemoattractant. Migrated cells (cell output), as well as cells before migration (cell input), were examined for CD62L, CCR7, CD45RO and CD45RA staining. The CD62L þ CCR7 þ CD45RO þ CD45RA À cells were designated as T CM , and CD62L À CCR À CD45RO þ CD45RA À cells were designated as T EM cells [26] . We found that the percentage of CD62L þ and CCR7 þ double positive population is similar in cell input (53.5 vs. 43.6% for activated CD4 þ T cell and 17.1 vs. 17.6% for resting CD4 þ T cell) ( Fig. 4) . However, the percentage of T CM from cell output was almost doubled as compared to that from cell input (56.7 vs. 30.6% for activated CD4 þ T cell and 32.7 vs. 18.9% for resting CD4 þ T cell). In contrast, when we examined the T EM population, we observed equal distributions of T EM in cell input and the cell output, for both the activated or nonactivated CD4 þ T cells (Supplemental Fig. 2 , http:// links.lww.com/QAD/A933). These data may indicate that there is some preferential recruitment of T CM in response to chemoattractants released from HIV-infected RTECs.
Discussion
We report here that exposure of primary RTEC to HIVinfected primary CD4 þ T cells promotes a functional T-cell chemoattractant response. This potent response occurred without the requirement for viral pseudotyping to enhance the transduction of cells, or transfection of viral DNAs as has been studied in related model systems in the past. RNA-seq analysis revealed a prominent representation of inflammatory response and immune response genes at late time after infection (24 and 72 hpi). Detailed analysis revealed that a majority of the most highly upregulated genes belong to chemokine/cytokine families, such as CCL20 and IL6, as well as IL8-related chemokines CXCL1, CXCL2, CXCL3, CXCL5, CXCL6 and CXCL8 (IL8). These are involved in inflammation and immune response and reinforce previous findings by Ross et al. [16] , in which VSV-G pseudotyped, replication-defective HIV was used to enhance transduction of renal epithelial cells. We report for the first time using nonpseudotyped, replicationcompetent virus delivered by infected primary CD4 þ T cells to initiate HIV infection in human primary RTECs through cell coculture. Productive HIV infection and HIV gene expression in primary renal epithelial cells can be achieved either by inoculation of large amount of cell-free HIV, or by coculture with HIV-infected T cells [6] . As compared with cell-free HIV infections, the cell-associated viral inocula induced stronger upregulation of chemokine/cytokine and inflammatory immune response genes.
We performed transwell cell migration assays using the supernatant from primary RTECs infected with HIV and observed strong chemotaxis activity on CD4 þ T cells.
The migration appeared to be GPCR-dependent based on pertussis sensitivity, and also potently blocked by the CXCR2-selective small molecule antagonist SB225002. It is notable that a large fraction of the HIV-induced chemokines in the RTE cells are IL-8-related chemokines that signal through CXCR2, including CXCL1, CXCL2, CXCL3, CXCL5, CXCL6 and CXCL8 (IL-8). Though these chemokines are better known for their role in attracting neutrophils, these are also expressed on T cells [27] and thus could be involved in promoting the mononuclear infiltrates observed in HIVAN. It may be interesting to explore chemokine antagonists directed against CXCR2 as a strategy to inhibit influx of inflammatory cells into the kidney in response to HIV infection.
When examining the surface phenotype, we found evidence of enrichment for migration of central memory CD4 þ T cells. The results support a model whereby cocultured primary RTECs with HIV-infected T cells result in efficient virus transfer and virus gene expression [6] , leading to the differential expression of genes related to immune and inflammatory response and release of cytokines/chemokines from RTECs that can act as strong T-cell chemoattractants. The recruitment of cells with unique T-cell migratory and effector phenotypes may contribute to the further amplification of HIV infection in the kidney.
Interstitial infiltration and tubular injury is a hallmark of renal allograft rejection and many renal inflammatory diseases [17, 18] . T-cell recruitment into kidney could potentially result in increased risk of acute rejection in HIV-positive transplant recipients [21] . RTECs are thought to play a central role in the local inflammatory response via cytokine and chemokine production [28] . But a major question is how this is regulated. Previous investigations have suggested a potential role of T cells in this process [29, 30] . T cells may stimulate RTECs either via soluble factors or by direct cell-to-cell contact. Cellto-cell contact mediates important biologic effects of T cells that, in some cases, are distinct from those mediated by soluble factors [31, 32] . Activation of renal tubular cells by infiltrating T cells can amplify and perpetuate local inflammatory responses through chemokine production mediated by both soluble and cellcontact-dependent factors [33] . Recent study of HIVtransduced renal epithelial cells and analyses of kidneys from HIV transgenic mice revealed that the most prominent response was the production of proinflammatory mediators including cytokines/chemokines [16] . A goal of this study was to examine how renal epithelial cells will differentially respond to productive HIV infection initiated by cell-free virus or cell-associated virus, a process more relevant to physiological conditions in which infected infiltrating T cells can interact with epithelial cells. Our data revealed renal epithelial cells respond to both cell-free virus infection and cellassociated infection by augmented expression of genes closely related to inflammatory immune responses ( Fig. 1) . As compared with cell-free HIV infection, cell-associated HIV infection provoked stronger and prolonged responses from epithelial cells, presumably due to the high efficiency of cell-cell contact-mediated viral transfer and the internalization of larger amounts of virus particles through this route [6] .
Memory T lymphocytes contain distinct populations of central memory (T CM ) and effector memory (T EM ) cells that are characterized by distinct homing capacity and effector function [34] [35] [36] [37] . T CM recirculate preferentially to the T-cell areas of lymphoid organs conducting surveillance for specific Ag, whereas T EM preferentially migrate to inflamed peripheral tissues [35, 38] . These studies suggest that T CM and T EM have access to different environments through their unique migratory potential. For example, CXCL-10 (IL-10) stimulates rapid transendothelial migration of human T EM but not T CM CD4 þ T cells [39] . Infiltration of leukocytes into the interstitial compartment of kidney is an important factor for tubular injury leading to progressive renal failure in HIVAN.
Here we begin to examine what T-cell populations may be recruited to the HIV-exposed kidney. We show here that in response to chemoattractants released from HIVinfected RTECs, T CM CD4 þ T cells migrated preferentially in response to the chemokine gradient ( Fig. 4 and Supplemental Fig. 2 , http://links.lww.com/QAD/ A933). T CM are of particular interest because they have a greater capacity than T EM to persist in vivo and they are also more efficient at mediating protective immunity [40] .
The expression-profiling data provide evidence for HIV upregulation of a DNA sensor pathway in renal tubular cells. HIV infection can trigger the innate host defense mechanisms through DNA sensor pathways that can induce type I interferon or other inflammatory cytokines in immune cells [41, 42] . The antiviral DNA sensor IFI16 can trigger CD4 þ T-cell death during abortive HIV-1 infection [43, 44] . DDX58, a DEAD box protein, characterized by the conserved motif Asp-Glu-Ala-Asp (DEAD) associated with pathogen sensor pathways was also upregulated. This protein has a caspase recruitment domain and is involved in viral double-stranded dsRNA recognition and the regulation of immune response [45] . Future studies may examine the innate immune signaling pathways that are required to trigger this virus-induced inflammatory state.
In other studies, we have found that primary kidney epithelial cells can support productive HIV infection evidenced by detection of integrated viral DNA that can initiate a new infection in cocultured T cells [7] . The inflammatory influx of T cells that support HIV infection into the kidney may amplify local viral replication and may contribute to a nonimmune cell reservoir that can exchange with incoming T cells. Our in-vitro data support a model whereby HIV-infected renal epithelial cells serve as a chemoattractant source to further promote lymphocyte infiltration. To further test this hypothesis, future studies may examine the ability of particular chemokines to recruit T cells to the kidney using humanized HIV mouse model. Although antiretroviral therapy can largely prevent HIVAN, improved survival of HIV patients results in an increase in end-stage renal disease among HIV-infected individuals. Whether this renal pathology is the result of residual replication or the sporadic activation of latent virus is unknown. An autopsy study of advanced HIV patients without chronic kidney disease found evidence of subclinical renal inflammation and arteriosclerosis [46] , which may indicate that residual inflammation may still cause pathology in the kidney during cART. It will therefore be important to examine whether interactions between infected lymphocytes and renal epithelial cells persist during highly effective antiretroviral therapy and whether anti-inflammatory treatments may be beneficial to long-term renal health.
